We investigated the effects of tunneling current on scanning tunneling microscopy (STM) images of 1-octanethiol (OT) and 1-decanethiol (DT) self-assembled monolayers (SAMs). At a low tunneling current, the domain boundaries and ordered alkanethiol molecules were clearly resolved. As the tunneling current was increased at a constant bias voltage, however, the STM images showed disordered structures of the OT and DT SAMs. As the tunneling current was reduced back to low values, the ordered structures of the alkanethiol molecules reappeared. The reversibility of the process suggests that the sulfur head groups did not rearrange under any of the tunneling current conditions. On the basis of our observations, which are inconsistent with the standard model for STM imaging of molecules on metal surfaces, we consider the STM imaging mechanism in terms of a two-region tunneling junction model.
Introduction
Alkanethiol monolayers on Au(111) surfaces are the most extensively investigated self-assembled monolayers (SAMs) because they are model systems for understanding moleculesubstrate and molecule-molecule interactions as well as surface phase transitions. 1 Many studies have described surface phase transitions, molecular adsorption sites, and the desorption mechanism for SAMs, thus providing a basis for exploiting SAMs in molecular devices, biosensors, chemical sensors, lubricators, and corrosion inhibitors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] At the boundaries of chemistry, 12 biology, 13 and electronics, 14 SAMs offer a versatile platform for nanotechnology. 15 
Molecular scale images reveal that alkanethiol SAMs form a (√3×√3) R30
o overlayer on Au(111) surfaces, which is further structured by a c(4×2) superstructure [16] [17] [18] [19] [20] that is readily observed by scanning tunneling microscopy (STM) with high-impedance tunneling junctions. 16, [21] [22] [23] [24] [25] Although many reports have described alkanethiol SAMs in the last 20 years, a full understanding of this system is far from complete, which is mostly due to the lack of understanding of imaging mechanism. Characterization of the adsorption sites of the thiol groups on Au and the mechanism by which the SAM layers are imaged would assist development of next-generation applications of these SAMs. In general, the ordered structures of alkanethiol SAMs are obtained by STM imaging at very low tunneling currents (below 100 pA) and high bias voltages, possibly due to the low conductivity of the alkyl chains. The long alkyl chains of the thiols are frequently modeled as insulators, 26 and previous work has assumed that the alkyl chains do not contribute to the tunneling current during STM imaging. 22, 27 These reports neglected the possible effects of the chain lengths on imaging mechanism when analyzing the STM images of SAMs. However, Weiss et al. proposed a model for the influence of the chain on electron tunneling in an explanation of the STM image contrast of SAM samples with mixed compositions. 28 In their model, the conductance of the SAM films decreased much more slowly as the alkyl chain length increased than it did for an increase in air gap thickness. The decay constant of the air was larger (0.23 nm
) than that of the SAMs (0.12 nm -1 ).
In the present work, we studied STM images of alkanethiol SAMs on Au(111) surfaces as a function of the STM tunneling current. These results characterized a trend that was opposite to the trend observed in molecular imaging of other systems on metal surfaces. To eliminate chemical-specific effects that could produce STM contrast, we chose two alkanethiols with different alkyl chain lengths so that the image contrast of these SAMs was due solely to alkyl chain length. The effects of alkyl chain length on STM imaging is discussed in terms of a tworegion tunneling junction model.
Experimental
The Au(111) surfaces were prepared either by vapor deposition of gold onto a freshly cleaved heated muscovite mica or onto a bead formed at the end of a Au wire. The OT (≥ 98.5%, Aldrich) and DT (99%, Aldrich) were used without further purification. The SAMs were formed by immersing the Au(111) surface into a distilled ethanol solution of alkanethiol (4 mM) in a stainless steel bath at 78 o C for 24 hours. After immersion, the samples were rinsed with ethanol to remove any weakly adsorbed species, followed by drying under nitrogen gas flow. All STM images reported here were obtained using a scanning tunneling microscope (SOLVER P47, NT-MDT) under ambient conditions. Image processing was performed by Nanotec WSxM software. An STM tip was mechanically cut from a 0.20 mm diameter platinum/iridium wire. o structure of the OT molecules was also visible within the Au vacancy islands, indicating that the Au vacancy islands were occupied by ordered OT. Analysis of the cross-sectional cut shown in Fig. 1(b) indicated that the measured depth, 2.8 Å, of the vacancy island was consistent with the Au step height. In addition to the domains and Au vacancy islands, the domain boundaries were an important feature of the STM topography of the OT-SAM. These boundaries appeared topographically lower (darker) by as much as 0.12 nm, and no structure could be resolved within the domain boundaries. This thickness was far less than the physical height of the OT monolayer (0.982 nm). 29 Similar results were obtained from the DT-SAM. Figure 1(c) shows an STM topographical image of a DT-SAM, obtained at a sample bias voltage of 1000 mV and a tunneling current of 40 pA. In comparison with Fig.  1(a) , Fig. 1(c) showed distinct bright features, as indicated by the arrows.
Results and Discussion
To further investigate the effects of the alkyl chain during STM imaging of the alkanethiol SAMs, a series of STM images of the DT-SAM were collected over a range of applied tunneling currents, from 40 to 500 pA then back to 50 pA, at a fixed sample bias voltage of 1000 mV. At the initial tunneling current of 40 pA (corresponding to a tunneling resistance of 25 GΩ), ordered domain structures of the DT-SAM could be clearly observed in Fig. 2(a) without destruction of the monolayer. The black arrows in the images indicate regions of closely packed molecules, blue arrows in Figs. 2(a) and 2(f) indicate more disordered regions, and red arrows indicate inset images of those regions. As the tunneling current reached 100 pA [10 GΩ tunneling resistance, shown in Fig. 2(b) ], the domain structures of the DT monolayer changed dramatically and the imaging process became slightly disordered, although ordered atomic scale structures were still observed. A further increase in the tunneling current to 250 pA (4 GΩ tunneling resistance), did not produce any pronounced changes in the domain image and bright features, except for slightly more destruction, as seen in Fig. 2(c) . It is interesting that atomic resolution was achieved within some bright feature regions, but the structure of these bright regions differed from that of the surrounding regions. As the tunneling current increased to 500 pA [as shown in Fig. 2(d) , corresponding to a 2 GΩ tunneling resistance], the periodic structures, domain boundaries, and bright features gradually diminished until they could barely be discerned, and only gold vacancy islands were clearly visible. Restoring the tunneling current to 150 pA, as in Fig. 2(e) , reproduced the bright features and destroyed-yet-ordered structures of the DT monolayer. As the tunneling current was reduced to 50 pA, as shown in Fig. 2(f) , a well-ordered (√3×√3) R30 o hexagonal pattern on Au(111) was again observed. The above results suggest that even at high currents at which disordered imaging could be clearly observed [no ordered DT molecules, Fig. 2(d) ], the DT molecules remained assembled on the gold substrate through Au-S bonds. Therefore, the sulfur head groups did not rearrange.
Effects of Tunneling Current on STM Imaging Mechanism
Features that were brighter than the surrounding features (indicated by several black and red arrows) were observed independent of the tunneling current. These bright features appeared to be more closely packed than the (√3×√3) R30 o structure. The packing order of the Au atoms may have changed near the gold vacancy islands, of the molecules may have assumed smaller tilt angles. Therefore, their physical height is higher than the area with (√3×√3) R30 o structure. OT-SAM images of smaller areas at different tunneling currents are shown in Fig. 3 . This image sequence shows the same trend as in Fig. 2 . At 150 pA, the ordered structure was clearly observed. As the tunneling current was increased, the ordered structure began to blur, accompanied by structural changes. At 500 pA, it was almost impossible to distinguish the ordered structure. The line structures Fig. 3(d) may be due to a tip-induced effect. For example, alkanethiols might be pushed away from the STM tip because of small tip-sample gap space. However, when the tunneling current was reduced to 160 pA [ Fig. 3(f) ], the ordered structure that reappeared was the same as that shown in Fig. 3(a) . Figures 2 and 3 display an identical trend for both DT and OT as a function of tunneling current. In both cases, the hexagonal structure was reproducible throughout the imaging procedure. No permanent rearrangement of the sulfur head groups occurred under different tunneling currents. The changes in the images at different tunneling currents may have been a result of different imaging mechanisms for STM on the alkanethiol SAMs.
The tunneling current was determined by the total conductance between the tip and the sample surface. For an alkanethiol SAM on a Au(111) surface, the relevant sample surface is the Au surface. At very low tunneling currents, the tip is positioned above the surface of the SAM films. In this system, the tunnel junction was formed by two regions: the air gap and the alkanethiol monolayer (Fig. 4) . Because of small decay constant of alkanethiols, their existence increases the probability of the electrons tunneling from the Au substrate to the tip. 30 This indicated that the total conductance determined by the tunneling probability for a tunneling path Au-S → alkyl-chain → STM tip at low tunneling currents should exceed the conductance of the path through which the electrons tunnel directly from the Au substrate, i.e., Au → STM tip. Here, we considered the conductance of the region between the alkanethiol molecules to be lower than the conductance of the molecules themselves because this region did not have a bridge for electron transfer
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of the alkanethiol molecules. Therefore, the tunneling electrons were expected to follow the path Au-S → alkyl-chain → STM tip. Due to the large density of states of the Au atoms and the low barrier height among states, Au atoms can be a source of tunneling electrons. 31 The alkanethiol molecules seem to be a part of tunneling current pathway. In this case, the STM image reflected the position of the sulfur head groups, as illustrated in Fig. 4(a) , which produced a clear ordered structure at low tunneling current. As the tunneling current increased, the tip-substrate separation decreased.
Beyond a threshold tunneling current, 28, 30, 32 the tip may penetrate the monolayer, as demonstrated in Fig. 4(b) . Under such conditions, the tip may contact many molecules due to the relatively large size of the tip-apex compared to the alkanethiol molecules. Each molecule contacting the tip forms a pathway along which the tunneling current may flow from the Au substrate to the tip. The multiplicity of pathways blurs the image. Among these pathways, the molecule closest to the tip makes the largest contribution to the total current. Therefore, the ordered structure is still visible, although the observed structure should reflect the periodicity of the adsorbed surface rather than the actual atomic image. Therefore, the structure is disordered relative to the structure observed at low tunneling currents.
For a sufficiently small tip-substrate separation, the tunneling current through the pathway from the Au substrate directly to the tip may increase significantly such that it is no longer negligible. This could explain the disappearance of the ordered structure and grain boundaries at very high tunneling currents. Our model also provides a rationale for why the disordered regions were darker than the ordered regions at low tunneling currents, but were brighter as the tunneling current increased [as demonstrated by the blue arrows in Figs. 2(a) and 2(f) ]. At the disordered regions (usually observed near gold vacancy islands or boundaries), the alkanethiol molecules may tilt at angles other than 30 o , so that they are no longer parallel and may entangle with one another. This leads to a lower physical height in these regions than in the ordered regions and the regions appear darker. As the tunneling current increases beyond 40 pA for DT, the tip may penetrate the alkanethiol film. As the tip approaches the disordered region where the alkanethiol molecules may be entangled, more molecules may contact the tip in this region than in the ordered region, which creates more channels through which the electrons may tunnel. These regions appear brighter than the ordered regions [ Figs. 2(b) and 2(c) ]. Further increases in the current [500 pA, Fig. 2(d) ] result in even deeper penetration of the tip into the thiol monolayers, where the tip would be expected to contact a number of thiol molecules. This image should be bright over the whole scan area. However, due to contrast averaging in the STM software, the image displays an overall low contrast. As the tunneling current is subsequently reduced, the tip retracts. The imaging contrast reverses, the disordered regions become bright first [ Fig. 2(e) ], as shown in Figs. 2(b) and 2(c), and then return back to the state shown in Fig.  2(a) as the tunneling current is set back to 50 pA [see Fig. 2(f) ].
Imaging process of SAMs with tunneling electrons may be very different from that of flat-adsorbed molecules (e.g. hydroquinone) 33 on metal surface. The image of the flat-adsorbed molecules is determined by the convolution of electronic density of states of the STM tip and molecular adsorbate. Assuming no resonant tunneling occurs through the molecule, the image contrast increases as the tip approaches the molecule on the surface (at a higher tunneling current and a lower sample bias voltages). The variation of electronic convolution is becoming more sensitive to the atomic structure. However the possible physical contacts between the STM tip and molecules may occur during SAM imaging at a closer proximity, which is resulting in a more complicated tunneling process.
Conclusions
We have investigated SAMs comprising both 1-octanethiol and 1-decanethiol on a Au(111) surface with atomic-scale resolution using STM, and we have proposed a model to explain the STM imaging mechanism for alkanethiol SAMs. Our model assumes that the conductance of the alkyl chains is larger than that of the air medium so that a channel consisting of Au-S→ alkyl-chain→ tip permits electron tunneling. This explains why the ordered structures of the SAMs, which reflect the positions of the sulfur atoms, are observed at low tunneling currents. The larger conductance of the alkyl chain reduces the height difference between the alkanethiol-adsorbed Au surface and the bare Au surface. Our results strongly suggest that the tunneling current through the alkyl chains plays an important role in STM imaging of SAMs.
